Peptidoglycan (PG) turnover in exponentially growing Neisseria gonorrhoeae RD5 type 4 was accompanied by release of soluble PG fragments into the medium.
[3H]di minopimelic acid (DAP)-labeled peptide region occurred at similar rates (ca. 35% per generation). Turnover of D-['4C]alanine-labeled sites within the peptide side chain of PG occurred at roughly twice this rate; no turnover of L-[3H]proline-labeled protein was detected. Gel filtration of supernatants of cultures grown in the presence of labeled DAP, glucosamine, and D-alanine as described above and paper chromatography of hydrolyzed peak fractions revealed four major types of soluble PG. Two of these contained both peptide and glycan moieties and appeared to represent forms of disaccharide peptide monomers and dimers. The other two were (i) a 3H-labeled product lacking 14C and (ii) a 14C_ containing product lacking 3H, which were similar in size to that expected for free tetrapeptides and free disaccharides, respectively. Together the appearance of these PG fragments and the concurrent turnover of glycan and peptide regions indicate that both glycan splitting and amidase PG hydrolase activities are involved in the turnover of PG in growing gonococci. Ifreleased during gonococcal infections, similar soluble PG fragments might influence the consequences of host-gonococcus interactions.
Current interest in the gonococcal cell surface seems focused largely on two overlapping objectives: (i) to identify components which influence the interaction between gonococci and external agents such as host cells and antibiotics and (ii) to identify protective antigens for vaccine production. While outer membrane proteins, lipopolysaccharide, and pili have commanded the greatest attention because of their likely contribution to the environmental interface, several laboratories (8, 12, 26, 28) have provided fundamental data on gonococcal peptidoglycan (PG).
PG constitutes 1 to 2% of the cell dry weight in gonococci (12) and contains equimolar amounts of muramic acid, glucosamine, L-alanine, glutamic acid, diaminopimelic acid (DAP), and D-alanine (12, 13, 28) . This chemotype, which is among the most common in gram-negative bacteria, does not appear to differ among various strains of Neisseria gonorrhoeae or among the various colonial types that appear in laboratory cultures (12, 28) . The average length of the glycan chain is 80 to 110 disaccharide units (12) . The extent of peptide cross-linking between glycan chains has not been reported, but the PG of a related organism, N. perflava, is highly cross-linked relative to other gramnegative bacteria; approximately 60% of the peptide units occur as cross-linked trimers after digestion of all lysozyme-sensitive bonds (17) .
Gonococci possess L-alanine carboxypeptidase activity (6) that cleaves the terminal D-alanine in the pentapeptide, and this may serve to limit the number of cross-links formed.
Of particular interest to the current work are the observations of Hebeler and Young (12) , as well as more recent reports (8, 10, 27) , indicating that gonococci turn over substantial amounts of their PG during exponential growth, an unusual feat for gram-negative bacteria. The chemical nature of the PG solubilized via turnover has not been reported. However, a study (13) which involved digestion ofpurified PG by an autolysin extracted by Triton X and NaCl determined that a major autolysin in this organism was Nacetylmuramyl L-alanine amidase. Significant amidase activity in gonococci was also demonstrated by Wegener et al. (26) and Goodell et al. (8) . It has been suggested (8, 13, 26 ) that gonococci may also possess glycan-splitting (hexaminidase) activity.
in the process of turnover, per se, it is necessary to characterize the soluble PG fragments released from growing bacteria; the chemical nature of the products generated via turnover reflect the specificity of the enzyme(s) involved in the process. For example, if the gonococcal amidase is chiefly responsible for solubilization of PG during growth, then one would expect to find free peptides and perhaps only large-molecularweight glycan in culture supernatants. If, on the other hand, a hexaminidase is principally involved, then relatively small fragments containing both the sugar backbone and the peptide side chain should be released. Accordingly, culture supernatants of exponentially growing gonococci were examined for the presence of soluble PG fragments. Low-molecular-weight PG was released concomitant with PG turnover, and the fragments reflected the action of both glycansplitting and amidase activities.
(A preliminary report on some of these experiments has appeared in the proceedings of "Immunobiology of Neisseria gonorrhoeae," American Society for Microbiology, San Francisco, Calif., 18-20 January 1978 [18] .) MATERIALS AND METHODS Growth and radiolabeling of bacteria. N. gonorrhoeae RD5 colonial type 4 (kindly supplied by F. E. Young, Rochester, N.Y.) was used. This strain was originally selected for turnover studies (12) because of its relatively high rate of autolysis (11). Growth and maintenance of gonococci on solid medium (GCBS) was as described (19, 24) except that V-C-N inhibitor was omitted from GCBS. Colony type 4 was routinely selected according to the criterion of Kellogg et al. (15) . After initiation of these studies, Swanson (22) described a system for typing gonococci according to color and opacity characteristics of colonies. Strain RD5 used for experiments grew as "transparent/ opaque" variants according to this scheme.
Liquid medium was modified Mueller-Hinton broth (SGM; 13) Gonococci were grown to late exponential phase (ca. 4 X 108 bacteria per ml) and washed once with SGM at 25°C. In some experiments, the washed labeled bacteria were used as starting material for preparation of pure radiolabeled PG. In experiments to assess turnover and release of PG, the labeled bacteria were washed twice more with SGM and inoculated at a starting density of ca. 108 bacteria per ml into fresh SGM containing 1 mM each of the above "cold" carriers and no additional radioactivity. It was imperative to harvest the bacteria by centrifugation as quickly as possible and to wash with prewarmed (37°C) media. Under these conditions the exponential growth rate was achieved immediately. At intervals, samples of these chase cultures were taken to assess macromolecular turnover (see below), to test supernatants for soluble PG fragments (see below), or both.
Preparation of PG. Purified intact PG was prepared by the trichloroacetic acid-sodium dodecyl sulfate (SDS) extraction procedure of Hebeler and Young (12) or by a slight modification in which the trichloroacetic acid step was omitted. The SDS-insoluble product was washed at least three times with 0.05 M phosphate buffer (pH 7.3) to remove residual PGbound SDS before final washings with distilled water. Amino acid analyses indicated that material prepared by either method contained only PG amino acids and amino sugars (and low levels of glycine and aspartic acid) in molar ratios almost identical to those reported previously (12, 28) . In addition radioactivity added as DAP, D-glucosamine, or D-alanine and present in SDSinsoluble material was completely solubilized by lysozyme.
Macromolecular turnover. Turnover of protein and PG was determined using a pulse-chase experimental design similar to that of Hebeler and Young (12) . Protein was measured as the incorporation of radioactive L-proline into trichloroacetic acid-precipitable material. L-Proline is a specific precursor of protein in strain RD5 and other gonococci (19) . PG was measured as SDS-insoluble radioactivity added as DAP, D-glucosamine, or D-alanine. The average of independent duplicates of each time sample was used in determination of the turnover rate. While each of the PG precursors labeled several macromolecules in intact gonococci (Table 1) , the SDS-insoluble fraction was exclusively PG (see Preparation of PG above, Fig.  1 , and reference 12). The combined use of these PG precursors in dual-label experiments provided turnover data simultaneously for the glucosamine-labeled glycan backbone and for DAP-and D-alanine-labeled sites within the peptide side chain. Thus, differences in the rates of solubilization of the glycan and peptide moieties could be specifically determined.
Analysis ]alanine (0.5 ,Ci/ml) at a starting density of about 5 X 107 CFU per ml. Cultures were incubated at 37"C for 170 min. Washed trichloroacetic acid precipitates were treated sequentially with Pronase (0.5 mg/ml, 1 h, 3700) and boiling SDS, and the soluble and insoluble fractions of each were counted for radioactivity. Data are expressed as average disintegrations per minute in duplicate 1.0-ml samples. min) to inactivate any residual PG hydrolase activity, concentrated by flash evaporation, and filtered on connected columns of G-50 (packed volume = 388 ml) and G-25 (270 ml) which were eluted with 0.1 M LiCl (20) . Fractions were sampled for radioactivity as described below.
The void volume (Kd =0) and the total volume (Kd = 1) of the G-50-25 column series were determined by using blue dextran 2000 (Pharmacia) and [3H]proline, respectively. Additional standards were purified radiolabeled disaccharide peptide monomer (ca. 1,000 daltons) and bisdisaccharide peptide dimer (ca. 2,000 daltons) obtained from gonococcal intact PG using hen egg-white lysozyme or Chalaropsis B muramidase (R. Rosenthal, manuscript in preparation).
In some experiments, fractions comprising each of the G-50-25 gel filtration peaks were separately pooled, completely hydrolyzed in 6 N HOC (1000C, 4 h), and subjected to paper chromatography (see below) to identify radiolabeled amino acids and amino sugars.
Peak materials from the Sephadex G-50-25 series were also separately subjected to gel filtration on a Sephadex G-15 column (packed volume = 353 ml) that was eluted with distilled water and calibrated as described above.
Paper chromatography. Acid-hydrolyzed samples of pure intact PG or of gel filtration fractions were analyzed by descending paper chromatography using Whatman 3 MM paper. Solvent I contained 95% ethanol-water (7:3); solvent II contained butanolacetic acid-water (5:1:2). Solvent I was used principally to resolve DAP and lysine; solvent II was used principally to resolve glucosamine, muramic acid, and other amino sugars. Internal controls consisting of each experimental sample "spiked" with excess radioactivity added as meso-DAP, L-lysine, D-glucosamine, or L-glutamic acid were also run to determine the Rf of these standards under the actual experimental conditions. Individual tracks were cut into 0.5-to 2.0-cmwide sections and counted for radioactivity as indicated below. Numerous unlabeled amino acids and amino sugars were also run as standards; these were located by their reaction with 0.1% ninhydrin in acetone.
Determination of radioactivity. Two scintillation systems were used. Samples of trichloroacetic acid-or SDS-insoluble material and samples on Whatman paper were transferred to vials and dried. Onehalf milliliter of 90% NCS tissue solubilizer (Amersham/Searle Corp.) was added and vials were incubated for 1 h at 550C before addition of 10 ml of a toluene-base scintillation fluid (25) . For dual-labeled samples, corrections were made for overlap of 14C into the 3H channel by using an external standard. For experiments in which differential quenching between vials was insignificant, data were reported simply as counts per minute which have been adjusted for overlap of '`C into the 3H channel. Samples were counted in a Packard model 3255 scintillation spectrometer (Packard Instrument Co., Downer's Grove, Ill.). Efficiencies for this system were typically 37 and 60% for 3H and I4C, respectively.
Aqueous samples (typically 0.2 ml) were transferred to vials, and 10 ml of Scintisol (Isolab, Inc., Akron, Ohio) was added to give a clear solution. Data were corrected for overlap and reported as for the NCStoluene system described above. For the Scintisol dual-label system, using 0.2-ml aqueous samples, efficiencies were typically 35 (8) and may reflect differences in strains or cultural conditions. The data (Fig. iD, E , and F) confirm that label added as glucosamine is found exclusively in the glycan chain of purified PG and is present as both glucosamine and muramic acid. The relative amounts of`4C disintegrations per minute present in glucamine and muramic acid in Fig. lE are somewhat atypical compared to other runs of the same PG sample in solvent IH. In Fig. 1E there were approximately three times as many 14C counts per minute recovered as glucosamine than as muramic acid; usually, the number of 14C counts per minute present in these two compounds was about equal (Fig. 4D) .
Macromolecular turnover. Turnover of radiolabeled PG and protein in exponentially growing strain RD5 was determined. There was substantial solubilization of DAP-labeled peptide chains of PG but no significant turnover of proline-labeled proteins (Fig. 2) . This confirms the observations of others (10, 12 over of PG under the present experimental conditions.
The turnover rate of [14C]alanine-labeled sites (presumably in the peptide side chain exclusively) was about twice that of DAP-and glucosamine-labeled regions (Fig. 2) . This somewhat surprising finding may reflect the release of the C-terminal (and possibly the subterminal) D-alanine from insoluble PG by the action of a D-alanine carboxypeptidase. A gonococcal DDcarboxypeptidase activity has already been described (6) .
Data presented in Fig. 2 and Table 2 represent PG turnover in exponentially growing bacteria exclusively. Turnover of DAP-and glucosaminelabeled regions of PG continued, however, at about the same rate for at least 40 min after cessation of exponential growth. During this time turbidity increased but at a rate that was less than the exponential growth rate.
Isolation and partial characterization of soluble PG fragments in the supernatants of growing gonococci. To determine the nature of enzymes involved in PG turnover, culture supernatants of exponentially growing gonococci were examined for soluble PG fragments. Concentrated supernatants from radiolabeled bacteria (grown for 120 min during the chase period) were filtered on the connected columns of Sephadex G-50 and G-25. Label added as [3H]DAP or D-["4C]glucosamine was fractionated into five well-defined peaks (Fig. 3) . A small amount of unresolved labeled material (Fig. 3) was found between the void peak (Kd = 0) and the peak labeled PGI (Kd = 0.35). The 3H peaks had relative elution volumes (Kd values) similar to a corresponding`4C peak, but the ratio of 3H to "`C varied from peak to peak. Only PGI and PGII had similar ratios of 3H to "C. The latter point was a common feature of repeat experiments employing supernatants of [3H]DAP-and ["'C]glucosamine-grown bacteria. It should be noted, however, that the relative amount of PGI and PGII varied from experiment to experiment; i.e., total radioactivity recovered in PGII was from 1.5 to 3 times the radioactivity recovered in PGI.
Five distinct peaks and minor amounts of undifferentiated material with similar Kd values were also found in the fractionated "chase" supernatants from bacteria pulsed with D-["'C]alanine. Only peaks at the void volume and total volume (Kd = 1) were found when L-[3H]proline was used (Fig. 3) .
The presence of labels which serve as precursors of both PG and protein and the absence of label, [3H]proline, which is a specific precursor of protein, suggested that three major included peaks ( (Fig. 4A and B) . In addition label added as D-
[I4C]glucosamine was present in PGII as both ["'C]glucosamine and ["4C]muramic acid ( Fig.   4C and D) . Further, the distribution of 14C between these two compounds was about equal.
To identify 14C-containing peaks in the experimental sample (Fig. 4C) , acid hydrolysates of pure intact PG were used as internal standards (Fig. 4D) cosamine yielded results essentially identical to that of PGII (Fig. 4) ['4C]glucosamine was also present. The peak at Kd = 1, obtained from DAP-and glucosaminelabeled gonococci, was chromatographed in solvents I and II both before and after acid hydrolysis to determine the presence of free amino acids. The unhydrolyzed sample of this peak contained 3H primarily as free DAP and also contained some 3H which corresponded to the lysine region of chromatograms. In addition standards of each of the labeled free amino acids used and glucosamine eluted at Kd = 1. It was felt that this peak represented (i) residual, unincorporated [3H]DAP that was not washed out of the pulse culture before inoculation into the chase medium and (ii) possibly leakage of cytoplasmic pools of free amino acids. The presence Internal control of intact PG from [3HJDAP-and [14CJglucosamine-grown gonococci. The 3H peak in this hydrolysate represents DAP, the slower-moving 14Cpeak represents glucosamine, and the faster-moving 14Cpeak represents muramic acid (Fig. 1) (Table 3 ). In addition, the distribution of the various soluble fragments, distinguishable on the basis of size, remained constant throughout the incubation period (Table 3) .
DISCUSSION
Turnover of gonococcal PG was correlated with the appearance of soluble PG fragments in the culture medium. Evidence for the presence of soluble PG was based primarily on the finding of relatively low-molecular-weight materials in the effluent of Sephadex G-50-25 and G-15 columns; these materials contained bound glucosamine and muramic acid, DAP, or both, but Several lines of evidence indicate that these soluble products reflect gonococcal endogenous PG hydrolase activity; i.e., they are derived from insoluble PG, and not simply the result of release of soluble cytoplasmic PG precursors. These data include (i) a close correlation in the amount of insoluble PG lost via turnover and the amount of soluble PG detected in supernatants (Table  3) , (ii) the presence of both amino sugars of the glycan backbone (Fig. 4) While the presence of hexaminidase activity in gonococci has been implicated previously (8, 13, 26) , the present data indicate a considerably more prominent role for this glycan-splitting activity in the turnover of gonococcal PG than has been previously suggested. In fact, based on the distribution of products in the culture supernatants (Table 3) , glycan-splitting autolysin may account for up to 80% of the total soluble PG generated via turnover. The only product detected which appeared to reflect amidase activity alone was relatively low-molecular-weight free peptide(s). Judging from its Kd value, this product appears to be a tetra-or pentapeptide and thus probably reflects the enzymatic digestion of PG regions containing un-cross-linked disaccharide peptide monomer. It is somewhat surprising that larger peptides were not detected since about one-third of the peptide moieties in the intact PG of gonococci are involved in crosslinking (R. Rosenthal, manuscript in preparation). It should also be noted that the radioactivity recovered as [3H]DAP-labeled free peptide and ['4C]glucosanine-labeled free glycan ( Fig. 3, PGIII; Fig. 5 ) contained a relatively high ratio of 3H to 14C compared to the presumed disaccharide peptide monomers and dimers (Fig.  3 , PGII and PGI, respectively). This suggests that under growing conditions the gonococcal amidase hydrolyzes portions of native PG to release free 3H-labeled peptide without concurrent cleavage of the "4C-labeled glycan backbone by hexaminidase activity.
While our analysis indicates that relatively low-molecular-weight fragments of PG are present in culture supernatants, it is conceivable that larger segments of PG are actually released from cells and then subsequently hydrolyzed in the supernatant. This possibility would require that active PG hydrolase also be released from gonococci, a notion which is at least consistent with the ability of these organisms to export some enzymatic proteins during growth (3). However, the constant distribution of the various low-molecular-weight PG fragments throughout the chase period (Table 3 ) seemingly does not support this argument.
Based on growing evidence it seems likely that the interaction between PG and host could have significant biological consequences. Intact PG and PG derivatives have, for example, a great overall propensity to alter the behavior of cells and molecules associated with the immune response and with inflammation. Collectively, these substances possess adjuvanticity (1, 2) and mitogenicity (21) , inhibit macrophage migration (4), activate macrophages (23) , and consume complement in normal sera (9) . In addition, various forms of PG are reported to be arthritogenic (16) and to promote nonspecific resistance to some bacterial infections (5) and tumors (14) . The active release of soluble PG fragments (similar to those reported here) by bacteria undergoing PG turnover during growth in vivo is one of several mechanisms which seemingly would promote the interaction between these molecules and host.
